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Abstract The cavi unit at the north pole of Mars is a deposit of aeolian sand and water ice underlying the
Late Amazonian north polar layered deposits. Its strata of Middle to Late Amazonian age record wind
patterns and past climate. The Mars Reconnaissance Orbiter Shallow Radar (SHARAD) reveals extensive
internal and basal layering within the cavi unit, allowing us to determine its general structure and relative
permittivity. Assuming a basalt composition for the sand (ε′ = 8.8), results indicate that cavi contains an
average ice fraction between 62% in Olympia Planum and 88% in its northern reaches beneath the north
polar layered deposits and thus represents one of the largest water reservoirs on the planet. Internal
reﬂectors indicate vertical variability in composition, likely in the form of alternating ice and sand layers.
The ice layers may be remnants of former polar caps and thus represent a unique record of climate cycles
predating the north polar layered deposits.
Plain Language Summary The north polar region of Mars includes the so‐called cavi unit, a
deposit of water ice and sand hundreds of million years old that lies beneath the current ice cap. The
Shallow Radar on Mars Reconnaissance Orbiter can image through the cavi unit deposits, revealing their
internal structure and composition. We ﬁnd that these deposits are very rich in ice, which lies in horizontal
slabs alternated with sand. The occurrence and volume of ice slabs increase toward the north pole. This ice
may be the leftover of former ice caps that diminished during warm periods and therefore represent an
important record of past Martian climate. The large volume of ice preserved within the cavi unit represents
one of the largest water reservoirs on the planet.
1. Introduction
The cavi unit is an aeolian deposit comprising a large fraction of Planum Boreum in the northern hemi-
sphere of Mars. Cavi and the older rupēs unit together make up the so‐called basal unit (BU; Fishbaugh &
Head, 2005) that lies beneath the north polar layered deposits (NPLD; Figure 1a). Cavi accumulation began
in the Middle Amazonian, recording wind patterns and climate conditions and transitions from hundreds of
mega‐anna through the initial emplacement of the NPLD, as indicated by a gradational and transgressive
stratigraphic upper contact (Brothers et al., 2018; Nerozzi & Holt, 2018; Skinner & Herkenhoff, 2012;
Tanaka et al., 2008; Tanaka & Fortezzo, 2012). Analysis of radar sounding proﬁles, visible outcrop imagery,
and spectrometry has determined that cavi is composed of a mixture of sand‐sized lithic materials organized
in aeolian cross strata and dune forms weakly cemented by water ice and interbedded with purer ice layers
(e.g., Byrne &Murray, 2002; Fishbaugh & Head, 2005; Phillips et al., 2008; Selvans et al., 2010; Tanaka et al.,
2008). However, among these numerous studies, there is no consensus on the precise composition and large‐
scale internal structure of cavi, and it has remained unclear which fraction, water ice or sand, dominates.
Cavi locally overlies either the Vastitas Borealis interior unit (VBIU) or the rupēs unit and is separated from
the latter by a large erosional unconformity with hundreds of meters of relief (Tanaka et al., 2008; Tanaka &
Fortezzo, 2012). Cavi is mostly buried underneath the NPLD in Planum Boreum (Brothers et al., 2015) and is
thought to make up most of the volume of Olympia Planum underneath the sand sea of Olympia Undae
(Byrne & Murray, 2002; Ewing et al., 2010; Fishbaugh & Head, 2005; Tanaka & Fortezzo, 2012; Zuber
et al., 1998). Radar proﬁles obtained from the Mars Advanced Radar for Subsurface and Ionosphere
Sounding and the Shallow Radar (SHARAD) provide further evidence of the continuity of the BU under-
neath Olympia Planum (Phillips et al., 2008; Selvans et al., 2010). Cavi is exposed only along a few arcuate
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scarps in Chasma Boreale and Olympia cavi (Edgett et al., 2003) and on the ﬂoor of some interdune areas of
Olympia Undae (Ewing et al., 2010; Tanaka et al., 2008).
Along visible outcrops, cavi is dominated by cross strata and dune forms of low albedo material, interpreted
as basalt sand, forming undulated and discontinuous beds alternating with bright, fractured layers of sub-
stantial thickness, likely composed of relatively pure water ice (Byrne & Murray, 2002; Edgett et al., 2003;
Herkenhoff et al., 2007; Malin & Edgett, 2001). Water ice strata become more frequent and thicker toward
the top of cavi, sometimes forming nearly pure ice dunes (Brothers et al., 2015; Brothers et al., 2018).
Spectroscopy observations conﬁrm the presence of basalt sand and water ice along cavi exposures and also
detect the signature of hydrated minerals (Calvin et al., 2009; Horgan et al., 2009), identiﬁed conclusively as
gypsum (Massé et al., 2010, 2012). Gypsum was found in large quantities (up to 35% by volume) across
Olympia Undae (Fishbaugh et al., 2007; Langevin et al., 2005) and in minor quantities in the circumpolar
dune ﬁelds (Calvin et al., 2009; Horgan et al., 2009). The major gypsum source has been identiﬁed in the
eroding exposures of cavi (Calvin et al., 2009; Massé et al., 2010, 2012; Roach et al., 2007).
The bulk composition of cavi (and the BU in general) has been difﬁcult to determine, mostly due to the lack
of visible exposures. Orbital sounding radars can penetrate through the NPLD and the BU to reveal their
compositions. Selvans et al. (2010) observed that, in general, the strength of Mars Advanced Radar for
Subsurface and Ionosphere Sounding echo from the base of the BU is consistent with low attenuation in
the BU, suggesting that the unit contains only a few percent impurities mixed with water ice; however, some
regions lacked or had weak basal returns, indicating stronger attenuation or scattering of the radar signal.
SHARAD can penetrate through the NPLD to reveal the surface of the BU in high detail (Brothers et al.,
2015; Nerozzi & Holt, 2017; Phillips et al., 2008; Putzig et al., 2009). Lauro et al. (2012) used SHARAD reﬂec-
tivity of the NPLD/cavi interface in Boreales Scopuli to determine a relative permittivity distribution for cavi
with values of ε′ = 5–6, compatible with a roughly equal mixture of basalt and water ice for the uppermost
surface of the unit.
SHARAD appears unable to penetrate the surface of the rupēs unit (Brothers et al., 2015; Phillips et al., 2008)
but can image through cavi at several locations, revealing internal reﬂectors and its basal contact with the
VBIU (Phillips et al., 2008; Figure 2). We use this basal detection to calculate the bulk relative permittivity
of cavi and, in turn, constrain its composition and water ice content. Furthermore, the internal reﬂectors
allow us to reconstruct the general stratigraphic architecture of the unit and understand how it evolved
through the Middle and Late Amazonian under changing global climate.
Figure 1. (a) Elevation map of the basal unit (BU) and surrounding plains, with superimposed shaded relief of the modern Planum Boreum topography, and
locations of the radar proﬁle in Figure 2, and High Resolution Imaging Science Experiment image in Figure 4. The black points indicate cavi basal detections.
(b) Details of calculated relative permittivity of cavi. (c) Schematic representation of the stratigraphic relationships between the Planum Boreum geologic units,
modiﬁed from Tanaka et al. (2008).
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2. Data and Methods
SHARAD is an orbital sounding radar spanning 15–25 MHz with a linear frequency modulation, allowing a
vertical resolution of ~15 m in free space and ~8.4 m in water ice after pulse compression (Seu et al., 2004,
2007). The horizontal ground resolution after processing is 0.3–1 km along‐track and 3–6 km across‐track
(Seu et al., 2007). We use the US SHARAD products from the NASA Planetary Data System (PDS)
Geosciences node, generated by a processing routine performing aperture focusing and implementing an
autofocus ionospheric correction (Campbell et al., 2011). The comprehensive and dense coverage of
Planum Boreum with over 3,000 proﬁles allows us to collect a large number of cavi measurements.
We calculate the relative permittivity of each cavi unit observation as follows:
ε′c ¼
ct
2h
 2
(1)
where t is the two‐way time delay between the cavi top and basal surfaces, c is the speed of light in vacuum,
and h is the thickness of the unit. We determined the two‐way time delay by mapping the cavi top and basal
surface reﬂectors within 129 SHARAD proﬁles in the Halliburton's DecisionSpace interpretation suite
(Figure 1). This software implements a semi‐automatic tracing algorithm that helps the interpreter in pick-
ing the peak power of a speciﬁc reﬂector with consistency and can connect proﬁles at their intersections,
thus allowing the tracing of a continuous reﬂector around areas with off‐nadir reﬂections (i.e., “clutter”)
and/or poor quality of radar returns. We determined the elevation of the upper surface of cavi by removing
the thickness of the overlying NPLD where present, assuming a bulk composition of water ice (ε′ = 3.1;
Grima et al., 2009). For the cavi basal surface, we only picked reﬂectors that connected laterally with the
Figure 2. (a) Original and (b) interpreted Shallow Radar proﬁle showing basal and internal reﬂectors within cavi. The proﬁle is depth corrected assuming a
bulk composition of water ice (ε′ = 3.1). Note the characteristic diffuse radar return of the cavi unit, which is typical of dune ﬁelds, such as the one in Olympia
Planum (Olympia Undae). The cavi basal reﬂector in Olympia Planum is below the interpolated basal surface (red arrow), indicating a relative permittivity
higher than that of water ice. NPLD = north polar layered deposits.
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exposed VBIU surface, because in our study areas the cavi base corresponds to the surface topography of the
VBIU. The VBIU appears “relatively featureless” and “remarkably ﬂat” underneath Planum Boreum
(Selvans et al., 2010) and is not deﬂected under the load of polar deposits (Phillips et al., 2008; Putzig
et al., 2009; Selvans et al., 2010). Therefore, we can extrapolate cavi basal topography to determine its abso-
lute elevation by interpolating the Mars Orbiter Laser Altimeter shot points and SHARAD‐derived eleva-
tions of the surrounding VBIU plains with a sixth degree polynomial. We provide a detailed error
estimate in supporting information S1.
We then translated the bulk relative permittivity ε′cavi to composition assuming a three‐component mixture
of basalt (ε′basalt = 8.8; Nunes & Phillips, 2006), gypsum (ε′gypsum = 6.6; derived from Heggy et al., 2001; see
supporting information S3), and water ice (ε′ice = 3.1; Brouet et al., 2016; Heggy et al., 2008; Mattei et al.,
2014). These correspond to the three major components detected within cavi by previous studies, as dis-
cussed above. In order to facilitate interpretations, we constructed a ternary diagram based on the following
mixing power law:
ε′1=γcavi ¼ ϕbasaltε′1=γbasalt þ ϕgypsumε′1=γgypsum þ ϕiceε′1=γice (2)
where γ = 2.7 for ice and sand mixtures (Stillman et al., 2010) and ϕ is the fractional volume of each compo-
nent. Our basic assumptions for this mixture are that water ice occupies the pore space between lithic grains
and no air is present. Analysis of thermal infrared and neutron spectrometry measurements indicates that
Olympia Undae is best modeled as ice‐cemented aeolian deposits buried by a dry sand cover ~10 cm thick
(Feldman et al., 2008; Putzig et al., 2014), and the topography of crater ejecta in the region indicates abun-
dant subsurface ice (Zuber et al., 1998). Furthermore, circumpolar sand dunes often appear to be immobi-
lized due to induration by water ice (Bourke et al., 2008; Ewing et al., 2010; Feldman et al., 2008; Schatz
et al., 2006), suggesting that most of the pore space of cavi sand dunes is occupied by water ice rather than
air. Aeolian sand deposits on Earth have typical porosities of 34–40% (e.g., Beard & Weyl, 1973;
Kolbuszewski et al., 1950), although they may reach extremes of 25–50% (e.g., Atkins & Mcbride, 1992;
Beard & Weyl, 1973; Dickinson & Ward, 1994; Pye & Tsoar, 1990). Therefore, if the water ice fraction is lar-
ger than 50%, excess ice (i.e., exceeding the expected pore space) is likely present within the mixture.
3. Results
Our exercise reveals that the bulk relative permittivity of cavi has substantial spatial variability (Figure 1b),
especially between the regions of Olympia Planum and the central main lobe of cavi, with a trend of decreas-
ing values moving toward the pole. The relative permittivity is more variable in Olympia Planum, where the
lower thickness of cavi makes our relative permittivity calculations more sensitive to the small‐scale rough-
ness of the basal surface.
SHARAD does not detect internal reﬂectors in Olympia Planum other than the basal surface. The cavi unit
in this region has a normally distributed relative permittivity with an average ε′ = 4.84 and a 1 – σ = 0.89
(Figure 3a), a value compatible with the ﬁndings of Lauro et al. (2012). Excluding gypsum from the mixture,
this value translates to a mixture of 62þ18−16% water ice and 38
þ16
−18% basalt (Figure 3c), therefore indicating the
presence of excess ice. Nevertheless, the sole presence of gypsum in themixture can only lower the volume of
water ice down to ~44%, on the high‐end of aeolian sand porosities. Previous studies detected only a weak
signature of gypsum within visible cavi outcrops, suggesting that it constitutes only a very small component
compared to basalt. Furthermore, relatively pure water ice layers and cross strata pervade all cavi visible out-
crops (e.g., Brothers et al., 2018; Tanaka et al., 2008), including those in Olympia Planum, suggesting that
excess ice is the norm within cavi rather than the exception.
The average bulk relative permittivity of the cavi main lobe is signiﬁcantly lower than that of Olympia
Planum at ε′ = 3.59 with a 1 – σ = 0.46 (Figure 3b). This value converts to a dominant ice fraction of
83þ16−15% and 88
þ11
−10% using pure gypsum and basalt sand, respectively (Figure 3c), similar to the conclusions
of Selvans et al. (2010) for the entire BU. This far exceeds the maximum aeolian sand porosity of 50%, mean-
ing that excess ice is certainly present in this region. SHARAD also detects several continuous reﬂectors
within the cavi main lobe, extending for tens to hundreds of kilometers and describing a subhorizontal struc-
ture (Figure 2). Radar reﬂectors arise from signiﬁcant and laterally consistent changes of composition in the
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subsurface, thus indicating the presence of extensive layers with varying composition within cavi. The
number of reﬂectors increases at higher latitudes and toward the top of the unit.
4. Discussion
Bulk relative permittivity distributions and the exclusive presence of internal reﬂectors in the main lobe
indicate that cavi has substantial internal heterogeneity. A two‐means t test performed on the cavi bulk rela-
tive permittivity distributions conﬁrms that the mean of the measurements of Olympia Planum is greater
than that of the main lobe at the 5 – σ conﬁdence level. The results in Olympia Planum suggest that excess
ice is likely present in this region of cavi, which is also ubiquitous in outcrops. Large quantities of gypsum are
required to lower the water ice fraction signiﬁcantly, but previous studies indicate that its abundance is very
limited. Moreover, cavi is exposed within the interdune areas of this region (Ewing et al., 2010; Tanaka et al.,
2008), meaning that gypsum should have been detected with a strong signature if present in signiﬁcant con-
centrations. Instead, gypsum appears to be concentrated along dune crests (Massé et al., 2010). We do not
exclude the possibility that a small fraction of air might remain within the pore space, but its presence is
not required to explain our results in the context of previous ﬁndings. In the cavi main lobe, water ice is
by far the dominant fraction, unless a signiﬁcant volume of air occupies the pore space (>22% assuming
basalt as the lithic component). We ﬁnd this case to be unrealistic given that this region of cavi is buried
underneath ~1.5 km of NPLD ice, and we argue that if any air is present in this region, it must be in equal
or less amount than in Olympia Planum due to compaction from the overlying ice sheet.
The presence of internal reﬂectors exclusively within the cavi main lobe gives us insights into its general stra-
tigraphic architecture. Previous investigations suggested that cavi formed by several repeated cycles of aeo-
lian sand migration during warmer periods of high obliquity, alternated with water ice accumulation during
colder, low obliquity periods (Brothers et al., 2018; Byrne, 2009; Herkenhoff et al., 2007; Tanaka et al., 2008;
Tanaka & Fortezzo, 2012). Our results support the hypothesis of cavi cyclic accumulation of water ice with
minor impurities alternated with ice‐cemented sand sheets (Figure 4). Sand dunes migrating on top of pure
water ice are common in the outskirts of the NPLD (e.g., Massé et al., 2012; Skinner & Herkenhoff, 2012),
and partially or completely blanketing over half of the water ice domes within craters surrounding
Planum Boreum (Conway et al., 2012). Lowermost NPLD exposures also showcase lithic‐rich dunes and
layers overlying water ice (Brothers et al., 2018; Tanaka et al., 2008). In this study, we found two sand sheets
over 40 km wide and up to 50 m thick overlying NPLD water ice 50 to 100 m thick exposed along Olympia
Cavi scarps (Figure 5). These features closely resemble the aeolian deposits of cavi with high‐albedo frac-
tured layers and cross strata, suggesting that water ice is likely in excess of pore space even within lithic‐rich
strata. Due to their thickness and lateral extent, we argue that the ice and sand sheets of Figure 5 are repre-
sentative of the stratigraphy of the cavi main lobe and create a relative permittivity contrast detected by
Figure 3. Relative permittivity of cavi in (a) Olympia Planum and (b) main lobe. (c) Average relative permittivity of both study areas plotted on a ternary diagram of
calculated permittivity for a mixture of basalt, gypsum, and water ice.
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SHARAD as subhorizontal reﬂectors. Using a linear mixing law and assuming a 50–50% mixture of basalt
and water ice for the sand sheets, we ﬁnd that pure water ice occupies ~76% of the volume of cavi.
Water ice accumulationmodels predict substantial water ice accumulation during colder periods of low obli-
quity just before the onset of the NPLD, with the thickest accumulation at high latitudes (Greve et al., 2010;
Levrard et al., 2007). For example, Greve et al. (2010) predict the growth of ~500 m of water ice at cavi main
lobe latitudes in less than 1 Myr, which is then lost during a period of high spin axis obliquity. However, this
model does not include mechanisms that may protect ice from complete sublimation or erosion, such as the
burial by sand sheets or the formation of sublimation lags. The process of water ice burial by aeolian deposits
was certainly active in the past, as testiﬁed by the visible exposure of sand sheets overlying water ice
(Figure 5). Cementation by water ice often immobilizes sand dunes (e.g., Schatz et al., 2006), which then
become a protective blanket for underlying ice against loss by sublimation and erosion. The sand sheets
observed within lowermost NPLD exposures are meters to tens of meters thick and are hence quite capable
of preventing ice loss (e.g., Bramson et al., 2017; Chevrier et al., 2007; Skorov et al., 2001; Williams et al.,
2008). Another form of protection may come from relatively thin (centimeters to decimeters thick) sublima-
tion lags formed during periods of ice cap instability, perhaps in a form analogous to the desiccated sand
layer that blanket the ice‐cemented core of Olympia Undae dunes (Feldman et al., 2008; Putzig et al.,
2014). Water ice accumulation models are based on orbital solutions that go back to only ~20 Ma before
diverging chaotically (Laskar et al., 2004), meaning that several cycles of ice cap growth and burial under
Figure 4. Interpreted structure and composition of cavi along the same proﬁle in Figure 2. We hypothesize that cavi is made of water ice sheets (blue) alternated
with sand sheets (orange lines) in the main lobe and becomes richer in lithic components toward the lower latitudes of Olympia Planum. NPLD = north polar
layered deposits.
Figure 5. (a) High Resolution Imaging Science Experiment image sample of a steep scarp in Olympia cavi showing a sand sheet ~50 m thick overlying ~100 m of
north polar layered deposits (NPLD) water ice (Mars Orbiter Laser Altimeter topographic proﬁle in panel b). Black arrows indicate dune forms. (c, d) Details of the
sand sheet showing dune forms, bright cross strata (blue arrows), and fractured layers (green arrows).
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sand sheets may have occurred throughout the long history of cavi since theMiddle Amazonian.We counted
up to 11 superposed reﬂectors within the cavi main lobe, which may correspond to an equal or higher num-
ber of stacked ice and sand sheets (Lalich & Holt, 2016; Nunes & Phillips, 2006). The lack of cavi internal
reﬂectors in the Olympia Planum study area is also interesting and warrants the formulation of two hypoth-
eses. (1) Pure water ice layers are absent within cavi in this region, and thus, there is a lack of relative per-
mittivity contrasts capable of causing radar reﬂections; alternatively, (2) pure water ice layers exist but are
too thin and/or too laterally discontinuous to cause a radar reﬂection (Lalich & Holt, 2016; Nunes &
Phillips, 2006). Modeling of radar reﬂectivity of thin layers of sand and ice mixtures could provide an effec-
tive test of these hypotheses. Nevertheless, both possibilities support our interpretation that less ice is present
in cavi outside of the main lobe.
Perhaps the most signiﬁcant implication of our ﬁndings is that cavi not only recorded aeolian and other sur-
face processes in its cross strata and dune forms but also preserved several major water ice accumulation and
retreat events. These are likely tied to global climate, date back to theMiddle Amazonian, and can be studied
with SHARAD, thus opening a new window on an ancient record of global climate changes. Our ﬁndings
reconcile and conﬁrm the previous ﬁndings of Selvans et al. (2010), who argued that the entire BU is very
rich in ice, and Lauro et al. (2012), who measured a relative permittivity at the top of cavi compatible with
a basaltic sand sheet with 41–59% porosity occupied by water ice. Analysis and inversion of gravity signals
over Planum Boreum also indicate that water ice makes up more than 50% of the BU by volume (Ojha
et al., 2019). Our results on the relative permittivity of cavi indicate abundant excess ice, making this unit
one of the largest water ice reservoirs of the planet after the polar layered deposits. Considering only the
study areas, we determine a very conservative minimum cavi volume of 2.1 × 104 km3 and an ice volume
of 1.6 × 104 km3 or a global equivalent layer of 0.11 m. Expanding this estimate to the entire BU and using
a conservative ε′ = 4.84, we obtain an ice volume of 2.2 × 105 km3 (1.53 m global equivalent layer), which
falls within the 1.3 × 105 to 3.7 × 105 km3 volume estimate ofMartianmidlatitude glacial deposits (Levy et al.,
2014). This has important implications on the global water cycle, because cavi gradually trapped large
amounts of water ice during its growth.
5. Conclusions
Using a basalt and ice mixture, we ﬁnd that an ice fraction of 62–88% by volume dominates within the cavi
unit, making it one of the largest water ice reservoirs onMars. The numerous, extensive reﬂectors within the
unit indicate the presence of layers with different compositions, likely in the form of alternating ice and sand
sheets. These ice layers may be remnants of former ice caps, protected from complete sublimation during
warm periods by aeolian sand blanketing and/or sublimation lags. Therefore, these layers likely represent
a unique record of past climate cycles predating the NPLD.
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